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A dynamic model of the intestinal epithelium integrates
multiple sources of preclinical data and enables clinical
translation of drug-induced toxicity
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Abstract

We have built a quantitative systems toxicology modeling framework focused on
the early prediction of oncotherapeutic-induced clinical intestinal adverse effects.
The model describes stem and progenitor cell dynamics in the small intestinal
epithelium and integrates heterogeneous epithelial-related processes, such as
transcriptional profiles, citrulline kinetics, and probability of diarrhea. We fitted
a mouse-specific version of the model to quantify doxorubicin and 5-fluorouracil
(5-FU)-induced toxicity, which included pharmacokinetics and 5-FU metabolism
and assumed that both drugs led to cell cycle arrest and apoptosis in stem cells
and proliferative progenitors. The model successfully recapitulated observations
in mice regarding dose-dependent disruption of proliferation which could lead to
villus shortening, decrease of circulating citrulline, increased diarrhea risk, and
transcriptional induction of the p53 pathway. Using a human-specific epithelial
model, we translated the cytotoxic activity of doxorubicin and 5-FU quantified in
mice into human intestinal injury and predicted with accuracy clinical diarrhea
incidence. However, for gefitinib, a specific-molecularly targeted therapy, the
mice failed to reproduce epithelial toxicity at exposures much higher than those
associated with clinical diarrhea. This indicates that, regardless of the transla-
tional modeling approach, preclinical experimental settings have to be suitable
to quantify drug-induced clinical toxicity with precision at the structural scale
of the model. Our work demonstrates the usefulness of translational models at
early stages of the drug development pipeline to predict clinical toxicity and high-
lights the importance of understanding cross-settings differences in toxicity when
building these approaches.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Predicting and mitigating gastrointestinal (GI) toxicity is usually very challeng-
ing in preclinical stages of drug development and frequently requires expensive
clinical assessment.

WHAT QUESTION DID THIS STUDY ADDRESS?

Is it possible to develop a quantitative systems model with capacity to predict
clinical GI adverse effects at early stages of the drug development pipeline?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

We explore the successes and pitfalls of using preclinical in vivo data to develop
translational quantitative modeling approaches that enable the prediction of
human epithelial injury and clinical diarrhea risk at early stages of the drug de-
velopment pipeline, prior to conducting clinical trials.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Novel modeling approaches with enhanced predictive performance can improve

INTRODUCTION

A long-range vision for toxicity quantification aims to in-
crease patient safety while reducing drug development
costs through the integration of preclinical experimen-
tal methods and modeling approaches that quantify the
perturbation of organ homeostasis. Thus, organ specific
quantitative systems toxicology models are increasingly
becoming essential components of modern drug testing
strategies, with capacity to predict and understand toxic-
ity mechanisms at early stages of drug development for
safety optimization, as highlighted elsewhere."

Chemotherapy-induced diarrhea can occur in 50%-80% of
patients depending on the regimen.? A detailed investigation
of deaths occurring in clinical trials of irinotecan plus high-
dose fluorouracil and leucovorin led to the recognition of
life-threatening gastrointestinal (GI) toxicity and highlighted
the need for its monitoring and treatment.>* Chemotherapy-
induced diarrhea often results from epithelial ulceration and
mucosal inflammation derived from the cytotoxic activity
of chemotherapeutics on the rapidly dividing GI epithelial
cells.>® Targeted molecular therapies, such as tyrosine kinase
inhibitors (TKIs), have also been associated with high inci-
dence of diarrhea in patients, but the mechanisms underly-
ing TKI-induced GI toxicity remain poorly understood.’”

The small intestinal epithelium forms a cellular mono-
layer folded to form invaginations or crypts and protrusions
or villi. It is a highly dynamic tissue with rapid cell renewal
fueled by continuously dividing stem cells and progenitors
in the crypts® that migrate toward the villus while differen-
tiating into matured epithelial cell types.’ Several compart-
mental models have been proposed to describe epithelial

patient safety and accelerate the process of drug development.

dynamics with various structures and levels of granularity
tailored to study cancer progression'®" and stem and epithe-
lial cell dynamics.'*™* Of high relevance to our work, a pre-
vious translational study which demonstrated the possibility
of predicting clinical GI adverse events from preclinical data
using a dynamic mathematical model of the epithelium."
Here, we present a refined epithelial dynamics modeling
framework that describes stem and progenitor cell prolifera-
tion and differentiation, cell migration onto the villus, and in-
cludes a feedback mechanism from mature cells to enhance
progenitor cell proliferation following injury. Moreover, the
model integrates heterogeneous epithelial-related processes,
such as gene transcription, plasma citrulline kinetics, as well
as diarrhea risk. Using 5-fluorouracil (5-FU), doxorubicin,
and gefitinib as tool compounds, we explore the successes
and pitfalls of the use of preclinical in vivo data to develop
translational quantitative modeling solutions enabling the
prediction of human epithelial injury and clinical diarrhea
risk at early stages of the drug development pipeline, prior to
conducting clinical trials.

MATERIALS AND METHODS

An integrative model of the mouse
small intestine epithelium describes the
dynamics of cells, gene transcription,
citrulline, and diarrhea risk during
drug-induced injury and recovery

We have modeled the intestinal epithelium as a two-
dimensional strip of cells running from the base of a crypt
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to the tip of a neighboring villus, as observed on transverse
sections of the small intestine. The model describes the
temporal dynamics of cells across four physical compart-
ments: stem cells, proliferative progenitors in the crypt,
and non-proliferative cells in the crypt and villus (Fig-
ure 1). Stem cells proliferate and give rise to proliferative
progenitors which differentiate into mature epithelial
cells that are transferred to the villus and eventually shed
into the lumen. We have also implemented a negative
feedback loop between villus cells and crypt progenitors
that regulates cell proliferation and recapitulates the en-
hanced crypt proliferation that is observed after epithe-
lial damage.lﬁ’17 Epithelial homeostasis, or steady-state,
is achieved in all compartments by a precise balancing of
the cell proliferation, differentiation, and shedding rates.
Homeostatic values (Table 1) represent an asymptotically
stable equilibrium (see the model bifurcation analysis in
Supplementary Material) and are recovered after pertur-
bations, such as drug challenges, of the system.

The mechanisms of drug toxicity considered in this work
are tailored to the available data and comprise common cell
toxicity mechanisms of oncotherapeutics, such as cell cycle
arrest and induction of apoptosis of proliferative cells includ-
ing stem cells.*” We modeled the dynamics of arrested and
apoptotic cells in response to drug interventions with addi-
tional compartments that enabled the description of tran-
scriptional changes in selected genes significantly associated
with the proportion of apoptotic and proliferative cells in the
epithelium (Figure 1). Gene expression analysis is increas-
ingly integrated in modern drug safety assessment strategies
as a highly useful resource to reveal toxicity mechanisms and
could be used to support model fitting.

The model also describes plasma citrulline kinetics and
predicts the risk of diarrhea, which both are affected by the
integrity of the epithelium. The concentration of citrulline
in plasma has been proposed as a noninvasive biomarker
of functional enterocyte mass in patients and preclinical
species."®” In contrast to histopathology, which is a ter-
minal end point, repeated citrulline measurements can be
easily acquired to support model fitting. We modeled the
production of citrulline by matured epithelial cells and
its clearance from plasma which results in a homeostatic
concentration that decreases upon epithelial damage.'®"
In addition and because of its high clinical relevance, we
integrated the probability of diarrhea in our modeling ap-
proach using a logistic regression model in which the gov-
erning parameter is a nonlinear function of the number
of villus cells, or epithelial integrity, and hence quantifies
the increase or decrease of diarrhea risk as the number of
villus cells decreases or increases over time during injury
or recovery (see Supplementary Material).

Altogether, we have built a model that describes epi-
thelial cell dynamics in homeostasis and following drug

ASCPT

challenges with a focus on oncotherapeutic mechanisms
of toxicity to enable the prediction of clinical end points
associated with relevant dosing schedules at early stages
of drug development. Additional information on models,
techniques, and parameters is described in the Supple-
mentary Material and Tables 1-3. Models are available
through BioModels*® (MODEL2212120003).

In vivo mice experiments

All experiments were performed in an Association for As-
sessment and Accreditation of Laboratory Animal Care
approved rodent facility and in accordance with the ap-
plicable animal welfare guidelines and legislation. Ex-
perimental procedures were approved by the institutional
ethics committee.

All 5-FU in vivo data used in this paper have been pre-
viously published.*!

In the present work, C57BL/6J male mice were treated
with doxorubicin at 5 or 10mg/kg by i.v. bolus injection
via tail vein on day 0 and 1. Mice were euthanized at 6,
24, 72, or 96 h after initiation of the treatment. Gefitinib
was dosed to C57BL/6J male mice at 8 or 250 mg/kg/day
via oral gavage from day 0 to day 9. Mice were euthanized
at 6 and 24h and on days 6 and 10 after initiation of the
treatment. For each dose and timepoint, three vehicle-
and four to six untreated animals were included. Tissue
collection, determination of tissue drug and citrulline
concentrations, histopathology, histomorphometry, im-
munohistochemistry, and stool consistency assessment in
the mice were performed as previously described.*!

Transcriptomic analysis across settings

The details on the transcriptomics analysis and dataset
derived from murine and human organoids responding to
5-FU challenge can be found in previously published re-
ports.?*? The transcriptional analysis of the mouse colon
and jejunum samples is also publicly available.*

RESULTS

Cell dynamics in mouse small intestinal
epithelium is disrupted by 5-FU and
doxorubicin at clinically relevant
exposures and recovers after dosing
interruption

We fitted our model to data available from mice that
had been dosed with 5-FU and doxorubicin, resembling
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FIGURE 1 Schematic of the intestinal epithelial model to describe the effect of drugs perturbing proliferative cells. The epithelium

comprises three compartments in the crypt to describe stem (S) cells, proliferative progenitors (P) and differentiated (D) non-proliferative

cells and a villus (V) compartment with epithelial cells. Villus cells feedback on the proliferation of crypt cells. Drug-induced arrested and

apoptotic proliferative cells are described by additional compartments in the crypt (Cy,, and Cyp,, respectively) and eventually on the villus

(Varr and Viuy,,, respectively) after cell migration. Transcription of selected genes is increased in arrested and apoptotic cells. Citrulline

(Citr) is produced by mature epithelial cells on the villus and decreases upon villus injury. The integrity of the villus, quantified here by the

number of cells, impacts on the risk of diarrhea, which increases as the cell number decreases. Plus/minus signs describe the direct/inverse

relationship between quantities. Without loss of generality and in alignment with the data, the model refers to two-dimensional longitudinal

crypt villus strips.

potentially available data from preclinical studies con-
ducted at early stages of the drug development pipeline.

The 5-FU pharmacokinetics (PKs) were modeled in
the mice by considering a reduced version of the 5-FU
metabolic pathway that gives rise to the three active me-
tabolites FAUTP, FAUMP, and FUTP.** The PK model
comprised only those metabolites measured in previous
in vivo experiments* (Figure S1, Table 2) and predicted
the temporal profile of their concentrations in plasma, as
well as in the epithelium by assuming rapid equilibrium
across tissues.

We considered FUTP to be the main metabolite respon-
sible for 5-FU induced epithelial toxicity®* and assumed

that mostly FUTP-mediated RNA damage led to cell cycle
arrest and apoptosis of proliferative cells. In a published
study by Jardi et al.,*' mice were dosed with 20 or 50 mg/
kg of 5-FU twice a day for 4days, achieving clinically rel-
evant exposures, followed by a 2-day recovery period. We
used the plasma profile exposure of FUTP (Figure 2a) as-
sociated with those schedules to fit our dynamic epithelial
model to the previously published cell count dataset in
that study?" (Figure 2b). We considered that Ki-67+ cells
represented all proliferative crypt cells, including stem
cells and proliferative progenitors.

Our model reproduced the observed cell injury and re-
covery dynamics in 5-FU treated epithelium at both dose



@ | 1515

ASCPT

DYNAMIC MODEL OF CLINICAL GI TOXICITY

ISnNouwW WOIJ pauwInssy

UOTRUINSI 3)8)S-Kpeals

UOIIRWINSI 9)e)S-Apeals

UOIBWINSI 9)e)s-Apeals

UOIIBWIISI 9)B)S Apeals

9SNOW WO} PAWINSSY

0¢
oner 9[04d
dATyeIdfI[01d /IS

asnow Suisn pa[eds

697’1

(4928

Sy \mwﬁ >Dmv

mw% \mwm adg

Pd/®s o+ (g/A+T1) Y

Sy

e

L°62/(2) ul

(L6Tx21/12)/(T) ul

oner 3dA1o/snyia
asnowr SuIsn pa[eos 9TEXY
¢ PST'TL
of P61
ST [4
321nos oxo(q n4a-s
uewWNg

vIRp [RIUSWILIAAXD
asnowr (,1-G 03 PaNTL

STYO'0F 6911

STY0'0F 6971

o« (4948 (498
UONBWIISY
a1e)s-Apesls Sa/%5p Ado $Sa/5p Ado
UONBWIISI
mumum.\m—umgm mm%\mw& Dm% mmﬁ\wmQ Qm%
UONBWIISY
a1e1s-Apeals FdfFs So+(g/A+T) Yy Fd/Ts o+ (g/A+T) Y
UONBWIISY
Je)s-Apeals Sy sy
®JRp [RIUSWILIAAXD
asnowr N4-S 03 panNig €6L0°0FIV'E €6L00FIV'E
P T1/(9) u ¢1/(2) ug
. 12/(2) ul 12/(2) ut
®)Ep [RIUSWILIAAXD
woIj
uoneunss 1911 S6E'SFSE96 T'STF90T
Ammm. ssq
—s[[92 1d£10) Byep
TeuawLIadxe woiy
UONBUWINISA JOII IT'L €S
(s—s[129 +.913)
e)ep [BIUdWILIAdXD
woiy
UONBWIISA JOIIq 0L ¥1 €81
s (4 4
321nos JI0LI9 IS F on[eA JI0XID JS F onJeA
uRIqnIoxoq na-s
ASNOJA

JuaIdIFe0d adeys

JUSWIYORIIP [[90 UT S)RUTUI[ND
yet]) ssaoo01d onjoydode oy Jo ajey

SN[[1A 9Y) WOIJ 9)eI SUIPPaYS [[D

Jusunreduwod
SN[[IA 0) dAneId)I[oIdUOU
1dA10 woiy 9)e1 I19JsuLL],

Juaunreduwod
aanelajijoiduou 1d£1o 03
aAneIayoid woIj d)er I9jsueI],

juaunyreduwod aaneIdyrord
0) W9)S WOIJ 3)BI IQJSUBIL],

S[199 3d£10 aanyerayjoId
0} SN{[IA WOIJ YOBqpady Jo YISuans

S[190
aanyerafrjod jo uonerayijoid jo ayey

S[[90 W3S Jo ﬁoﬁ.mhu.«:nﬁ& Joarey

9)©)S-Apea)s UT S[[39 SN[[IA JO I9qUUINN

9)e15-ApEa)s Ul S[[20
aanerdjijoxduou 3dA10 Jo 19qUINN

91eIs-Apea)s ur
s1ojtuadoid aanersjrjoxd jo PqUINN

9)©)s-Apea)s UT S[[90 WIS JO IoqUINN

() V2

[ERHE

(- A

(- 99

(- *e

(-w ¥y

(W

o(S1199) T

L(S1199) *p

o«S1199) *°d

o(S1199) s

SOTUrRuAp 0D

uondrLosa@  (SITun) Idjouwereq

‘uondrIosop pue sonjea 1ojowered [opowt TeroyIIdo ofedsnNA T A TIV.L



GALL ET AL.

1516 | @
ASCPT

9SNOW WOIJ POUINSSY

ISNOW WO} pawnssy

9snouw Wolj pawnssy

9S

UOIIBWIISI 9)8)S-Apeals

8T

dAourg

9SNOW WOIJ POUINSSY

9Snou WO} pauwnssy

ISNOW WO} pawnssy

9SNOW WIOIJ PAWINSSY

321nog

1200+ 1S690°0

86S8°0+86CT'S—

S

8L708€990°T

S8, /SS. nni.
2 /5 MR

¥90°SLIL

8T°0 60

VN S

VN 8ICT
¥1200°0 1SSS°0
996200°0 06L°0
oxo(q na-s
uewIng

BIEp [BIUSWILISdXD
asnowt ,4-S 01 AN
BJep [ejuawIadXa
asnouwr -5 03 AN
0~ Liqeqoxd
oqgaoerd
AARIYDE 0} POXI

UONBWISd
d1eIs-Apeals

BJep [ejuowrIadxa

1200+ 156900

8658°0+86CT'S—

S

ss. S, NI,
n4p10/,a My

12¥0°0 + 1S690°0

86580+ 86CT'S—

Se

S8, s , NOID.
n4/,a My

9SNoW (14-S 03 panIg TT200°0FZ€20°0 TTT00'0F€€20°0
eJep [ejuowrIadxa
woIy

uonewnss 19911qg 1901+ 0099 TTETF9°LETY

dfoung o 880
(G <<onrea

PaNY) PIXL] = S
BJep [ejuawIadxa
asnoux
UIIqNIOX0p

10 NA-S 03 papid - St'6v FSIET
BJep [ejuawLIadx
asnour
UIIqNIOX0p

10 NA-S 03 panid 8L¥000°0 + 12000 0990°0+ISSS0
BJep [ejuawLIadxa
asnowt
UIIqNIOXOP

10 NA-G 03 pantd €19000°0F996200°0 8T80°0F0¥6L°0

2Inos I0LId 3§ Fanfep 10113 1§ F anjep

upIqnioxoq n4a-s

ISNONI

[opour uorssa13a1 o1SISO[ TeSUI[-UON 0Ssso
[opour UoIssaI3a1 O1SISO TBSUIUON g
[opouwr U0Issa1391 o1SIFO] TeAUITUON O

BaYLIRIP A1[IqRqOId
ewsed

WOIJ UOTJBUTWI[S SUI[[NIID JO 98y G_w ™™o

(;-S1192
uononpoid sur[no jo ayey | _yuw/Su) "y
91eIs-Apea)s

JB SUI[[NIID JO UOHBIIUIIUOD BWISL[J (Tur/3u) Snago

auInuI)
ewserd
ur punoduwrod punoqun Jo uondeL] n
JUSIOLIR0 ITH ny
199130 [RUIIXBUI
)M UONRIUSOUOD Y} JO JlEH (Tw/Su) %o
IB3P [[29 paonpul-3nip jo yiduans 1Pty
uoniqryur uoneIayoxd
paonpur-Snap jo yiSuans ity
s309p30 Snig

uondLdsa@  (SITun) IdjoweIed

(penupuo)) T HTAV.L



@ | 1517

ASCPT

“dn snyq1a 03 aseq 1dA10 woxy dins eurpnIISuoy sn{IA-1dA10-[Wes [BUOISUSWIP-0M] B UT SIUNOJ [[3D),

-o1qeoridde jou ‘YN ‘[IoeINOION[-S ‘N J-S :SUOHRIAIqQY

DYNAMIC MODEL OF CLINICAL GI TOXICITY

®JEp [RIUSWILIAAXD
asnowr N4-S 03 panNig
e)ep [BIUdWILIAdXD
asnowr Ng-S 01 panig
®)Rp [BIUSWILIAAXD
asnowr -G 03 PN
®)ep [BIUdWILIAdXD
asnowr (-G 03 paNLg
®)ep [RIUSWILIAAXD
asnowr (,1-G 03 paNLg
©)Ep [BIUSWILIAAXD
asnowr (,1-G 03 PaNLL
e)ep [BIUaWILIAdXD
asnowr (,1-G 03 paNTg
®IRp [RIUSWILIAAXD
asnowr (,1-G 03 PaNTL
®JRp [RIUSWILIAAXD
asnowr N4-S 03 panNid
®)Rp [RIUSWILIAAXD
asnowr N4-S 03 panNig
®)Ep [RIUSWILIAAXD
asnowr -5 0} PRI
®)ep [BIUdWILIAdXD
asnowr N, 03 PRI

0=(0)""Y4 20=(0)"Y/ 20=(0)""D 0=(0)"YD =m0 = (0)nu10 Sa=(0)A =p=(0)q *d=(0)d =s=(0)s

860'T+L9°0T

6¥690°0F€TE L

96V T+8'TL

0Ly60°0F0T1L9

SYYTFSPTL

0ST60°0FTS8'L

TOTTF6EL'6

L09LO0FLOT'S

66L6°0FLSL'6

€0290°0F0¢°CT

YO T+0vS'S

885900 FCH8'6

321nog 10119 1S FonfeA 10119 3§ Fanrep
umpIqnIoxoq n4a-s
asnop

21098-2 zusas Jo agueyd jo ado[s

9)©)S-ApEals I8 ZUSIS JO 9I00S-2

2109s-2 [pp1d Jo a3ueyp jo 2dols

1e)s-Apea)s Je [ppid Jo 2100s-2

9109s-2 xpq Jo d3ueyo jo adols

91e)s-Apeals Je XDQq JO 91008-2

9100s-2 zuiput Jo d3ueyd jo adors

91e)8-Apea)s Je Zuipul JO 91008-2

2103s-2 1zd Jo 98ueyd jJo odo[s

9)e1s-Apeals 18 1z7d JO 9100S-2

2109s-2 £6d Jo a8ueyd Jo odo[s

9)e1s-Apeals e £6d JO 9100S-2

SoNJeA [enuy

gmmm&
NuwmmwMN
%uax
TPpIdgeey
&mn&
XeAgey
cuipuly
TwpUlggey
amv\
Tedgey
mmuu\

£5dgen

uondiiosue) SuaH

uondross@  (syun) IdjoweIeq

(penupuo)) T HTAV.L



GALL ET AL.

1518 | @
ASCPT

“3n1p 9y Jo S0P 1511 AY) JO TUSWIOW Y) ST () WL,

-onourodeurreyd ‘3 J {IOBINOION[-S ‘N -G :SUONRIAIQY

pawnssy

juapuadap asoq

suonorpaid
asnowr dAowis 03 panig

suonorpaid
asnowr dAowis 03 panig

suonorpaid
osnowr dAowis 03 panig

suonorpaid
asnow dAows 03 pantg

pawnssy

juapuadap asog
BIEP [BIUSWILIdAXD 9SNOwW 0) PanIg

BIEp [BIUSWILIadXa 9SNOW 0} PRI
BIEp [RIUSWILIadXa 9SNOW 0) PANL]
BIEp [BIUSWILIdAXD 9SNOW 0} PN
BIEp [BIUSWILIAAXS 9SNOW 0) PAYLL
elep [RIUoWIadxa 9SNOW 0) PaNL

ZSuondrpaxd
asnowr dAowrs 03 panig

:mco:o%em
asnowr dAowiS 03 panig

ZSuondrpaid
asnowr dAowis 03 pantg

ZSuondrpard
asnowr dAowis 03 panig

331nog

5 X (83/Sur)esop
0¥00°0F LYET 0
€SPO'0F8ET'T
9610°0F9¥L6°0
6V €T+ SH0T

0

57 X (83/Sur)esop
08STO'0FTSYT'0
€009°0FHST'€
690T°0+8L¥8°0
6910°0F€L6T0
TLOT0FSSS'T
8PST'0FO0TO0'T
G8C0'0FITIS'T
LOLT'0F09T°C
6T6€°0FSC9'S

6 TTI+ECIT

JOXId 1S + anfeA

bo\ﬁoommwh ,mo QW) Je UOI)RIIUIOUO0D
juaunredwod [eroydrred uignioxoq

.0 9WN 1B UONBNUDU0D Bwse[d UIdIqnIoXoq

ewseld 03 yuaunreduwod
rexoydirad woiy 931 I9JSULI) UIDIqNIOXO(

juaunredwod Tersaydrrad
0 ewise[d WO} 911 I9JsURI) UIIqNIOXO

9jel ddueIed[d uIqnIoxoq

ewse[d Ul UOT}RIIUIIUOD
3nIp Tenrur 10J JUBISUOD JUSUNSN[PY

A[oA109dsa1 ¢,0 SWT) JB UOHBIIUIIUOD

dLNPA ‘dNNPA ‘dLNd ‘ddnd
‘ANNA Yuaunredwod rerdydued Ng-S

.0 9w Je uonenuaduod ewseld NJ-S

dand pue NA4-S Yyioq pue
JINNPA U99M19q Jue)suod wnrqimba pidey

ddnd pue
dLNPd U9am39q Jueisuod wnuqimbe pidey

d1LN 03U 9)BI UOISISAUOD JANA
ddN.d 03UI 9)BI UOISISAU0D JINN
JINN 0IUI 9)BI UOISISAU0D N I-S
911 20UBIL JLNA

ewseld 03 yuounreduwod
rexoydized wioy 9yer 19JsueI} Ng-S

juounredwod
rexoydiiad o3 ewserd woay 9yer 19jsuerl N J-S

el
UOISISAUOD JI[0GEISUW PUE JOUBILI[O M-S

ewsed Ul UOHBIIUIIUOD
3nIp Tenrur 10J JUBISUOD JUIUNSN[PY

uondrosaq

6S-LS

6S—-LS

6S-LS

6S-LS

6S—LS

6S—-LS

LS=TS

LS-TS

LS-TIS

LS-TIS
LS=TS
LS-TS
SIS
LS-IS

LS=TIS

LS-1S

SIS

LS-IS

suonyenbg

[epowt
3d uIqnIoxoq

[opowt
34 UIqnIoxoq

[epowt
3d UIqnIoXoq

[opowt
M d UIqNIOX0q

[opout

34 unIqnioxoq
[opowt

3 uIqnioxoq

[epowt 3d NA-S

[opout 3d NA-S

[opout 3d NA-S

[opout 3d NA-S
[epowt 3d NA-S
[epout 3d NA-S
[opout 3d NA-S
[epowt 3d NA-S

[epow 3d Nd-S

[epout 3d NA-S

[epow 3d NA-S

[epowt 3d NA-S
[PPOIN

(Tw/Su) (0)12doxoq
(Tw/Su) (0)"™*oxoq
() Py
(W) ™y
(=W "%y
(Tw/Sw/3y X 3u) "y

(Tw/3u) (0)d.LNA
(0)dand (0)dannd (oMadng
(Tw/3w) (0)"™*ng

Aﬁlﬂv mEDvmVN

Aﬁlﬂv n—FDﬁmVN
AHIQV m,HDmVN
(10 4y
() 0y

() 0y

AHIQV ,GmEodVN
(W) ™y
Aalﬂv mED&M + mEmmEDmmM

(Tur/Sur/, WX Su twewny
‘Tw/3ur/3y X Su :asnowr) *y

(smun) aajowrered

‘uondirosap pue sonjea 1ejowered ppowl d 7 HTAV.L



DYNAMIC MODEL OF CLINICAL GI TOXICITY

| 1519

levels, suggesting that drug-induced cell cycle arrest and
apoptosis of crypt proliferative cells were the main drivers
of the observed decellularity in crypt and villus during this
treatment (Figure 2b). In agreement with observations,
whereas the predicted number of crypt progenitor cells re-
covered their homeostatic numbers 2 days after treatment
interruption, the stem cell population and villus were
not fully recovered at that timepoint in animals treated
with the highest dose of 5-FU (Figure 2b). In the study of
Jardi et al.,*! the reported numbers of Olfm4+ cells were
large when compared to those reported in humans, where
Olfm4 is a robust marker of Lgr5+ stem cells,? or to the
number of Lgr5+ stem cells reported in other mouse stud-
ies.®> Our model includes actively cycling stem cells at the
base of the crypt, which could be identified with Lgr5+
stem cells, and describes a delay in its recovery after 5-FU
treatment interruption in agreement with the delay in the
recovery of Olfm4+ cells reported by Jardi et al.**

Regarding doxorubicin, we generated new data in mice
dosed with 5 or 10mg/kg daily for 2days followed by a
2-day recovery period. Dose selection was guided by pre-
vious tolerability studies as well as the Simcyp simulator®®
(Table 3) to achieve comparable unbound compound ex-
posure in mice to that observed in patients at clinically
relevant doses.?” Doxorubicin plasma concentration was
modeled considering its distribution and elimination with
a linear two-compartmental model (Figure S2A, Table 2).
The model was fitted to Simcyp®® simulated plasma con-
centrations (Figure S2B) and described with accuracy the
newly obtained measurements in this study (Figure 2c).

Doxorubicin induced a modest dose-dependent de-
crease of citrulline concentration and, at the high dose,
a very limited reduction in the number of cells in the
crypt (Figure 2d) and villus compared to that reported in
5-FU experiments (Figure 2d). These results restricted the
choice of the modeling solution with unambiguous fitting
results, and we adopted a simple approach by considering
a linear relationship between the unbound doxorubicin
concentration and the induction of cell cycle arrest and
apoptosis of proliferative epithelial cells (see Supplemen-
tary Material). The model recapitulated the decrease of
proliferative cells and the associated increased of non-
proliferative compartment due to arrested and apoptotic
cells in the crypt (Figure 2d). It also described crypt and
villus decellularity with all cell compartments recover-
ing homeostatic values after the 2-day recovery period
(Figure 2d).

In summary, our model quantifies drug-induced cell
cycle arrest and apoptosis of proliferative cells and recapit-
ulates the dynamics of the epithelial disturbance during
oncology treatments and the regain of homeostasis during
recovery in the mouse.

ASCPT

Our model of drug-induced intestinal
toxicity predicts gene transcription,
citrulline production, and diarrhea risk
associated with epithelial disruption

Next, we extended the cell dynamics model to integrate
processes affected by the drug-induced epithelial disrup-
tion, related to clinical end points or outputs of interest,
using mouse data (for model details, see the model De-
scription Section).

We first investigated 5-FU induced transcriptional
changes in previously published datasets obtained in
human-* and mouse-derived* enteroids and colonoids
as well as in mouse colon and jejunum samples.”! Upon
5-FU challenge, the expression of several genes belonging
to the p53 pathway was modified consistently with 5-FU
exposure across all these preclinical experimental settings
(Figure S3). To fit our dynamic model of the mouse small
epithelium, we used the jejunal transcriptional scores of
these genes reported in the study of Jardi et al.* In that
study, the level of gene expression was quantified in mu-
cosal samples, comprising both damaged and healthy ep-
ithelial cells at sparse timepoints during treatment and
recovery. Thus, the resolution of the data was not suffi-
cient to develop a model of the expression dynamics of
this network of genes. Instead, we assumed that the ep-
ithelial transcriptional level, quantified by z-scores, was
linearly related to changes in the proportion of apoptotic
and arrested cells in the mouse epithelium. Figure 3a
shows good agreement between observed and predicted
upregulation of several genes of the p53 pathway during
5-FU treatment, followed by their return to baseline val-
ues during recovery. For the case of doxorubicin, the lim-
ited changes in the epithelium at the tested doses together
with transcriptional variability and the relative low data
resolution prevented the detection of a clear transcrip-
tional pattern across experimental settings.

Citrulline plasma kinetics were modeled assuming
intestinal production and clearance by several metabolic
pathways.”** The model was fitted exclusively to 5-FU
observations (Figure 3b) and used to predict plasma ci-
trulline concentration following doxorubicin treatment
(Figure 3c). The good agreement between independent
doxorubicin observations and model predictions suggests
that plasma citrulline is strongly dependent on epithelial
integrity regardless of the primary cause of injury. Citrul-
line levels decreased during the treatments and started
to recover after their interruption but did not return to
homeostatic levels following treatment with either com-
pound at any dose after the recovery period, despite the
number of cells in the villus reaching homeostatic levels
in all treatments with the exception of the high dose of
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FIGURE 2 (a)Observed and predicted plasma concentration of 5-FU and its metabolite FUTP following the i.v. administration of 20
and 50mg/kg every 12h (b.i.d.) for 4days followed by a 2-day recovery period, in mice; (b) observed and predicted number of cells in a two-
dimensional longitudinal crypt villus strip from crypt base to villus tip of control and treated 5-fluorouracil (5-FU) mice. (c) Doxorubicin
plasma concentration after the i.v. administration of 5 and 10 mg/kg every 24 h for 2days followed by a 2-day recovery period and (d)
observed and predicted cell counts control and doxorubicin treated mice. Lines are predictions and symbols are observations. Proliferative

crypt cells refer to stem cells and proliferative progenitors in the crypt. Non-proliferative crypt cells describe progenitors and arrested and

apoptotic cells in the crypt. Crypt and villus cells refer to total cells including arrested and apoptotic cells in crypt and villus, respectively.
Sampling times have been shifted (+3h) to improve data visibility.

TABLE 3 Input parameters of the doxorubicin and gefitinib mouse physiologically based pharmacokinetic (PBPK) models developed

using the Simcyp animal tool.

Doxorubicin

Physicochemical properties

Blood and plasma binding

Distribution

Elimination

Gefitinib

Physicochemical properties

Blood and plasma binding

Absorption

Distribution

Elimination

Parameters and models

Molecular weight (g/mol)
Log Pow

Compound type

pKa

Blood to plasma ratio
Fraction unbound in plasma
Distribution model

Volume of distribution at steady-state (L/kg)

Tissue: plasma partition coefficient scalar

Clearance model
In vivo clearance (mL/min)

Typical renal clearance (mL/min)

Molecular weight (g/mol)
Log Pow

Compound type

pKa 1/pKa 2

Blood to plasma ratio
Fraction unbound in plasma

Absorption model

Fraction unbound in gut

Jejunum permeability (10~*cm/s)
Distribution model

Volume of distribution at steady-state (L/kg)
Tissue: plasma partition coefficient scalar

Clearance model

In vivo clearance (mL/min)

Value

543.5

1.27

Monoprotic Base
8.2

1

0.22

Full PBPK
101.16

3.8

In Vivo Clearance
1.875
0.2044

446.9

4.15

Diprotic base
5.4/7.2

0.8

0.051

Advanced dissolution,

absorption, and

metabolism model

1
1.33

Full PBPK model

7.49

0.5

In vivo clearance
1

Source

PubChem
PubChem

57

Assumed
58

Predicted using Rodgers and
Rowland method***
Adjusted to match observed

volume of distribution at

steady-state®

61

Adjusted based on urine
excretion®

PubChem
45

FDA label

Assumed the same as in
human®
47

Assumed

Predicting using mechanistic
P model based on Sugano
(2009)%

Predicted using Rodgers and
Rowland method>**°

Adjusted to fit observed plasma
profile from®

64

Note: Measured plasma drug concentration in mice after gefitinib and doxorubicin dosing were used for model verification.

Abbreviations: FDA, US Food and Drug Administration; PBPK, physiologically-based pharmacokinetic.
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5-FU group (Figure 2b-d). This suggests that citrulline
does not recover at the same pace as the villus. In our
model, we assumed that the retarded recovery of the
plasma citrulline levels resulted from differences between
its production and clearance kinetics, but other factors
could be affecting the concentration of plasma citrulline
after a drug challenge.

To fit the logistic regression model that describes the
dependence of the probability of diarrhea on the number
of villus cells, we used data from the study of Jardi et al.**
where diarrhea was assessed in mice by examination of
the feces consistency. In agreement with the observations,
the model recapitulated high and medium risk of diarrhea
during the high and low dose of 5-FU treatment, respec-
tively. This risk decreased to null values at the end of the
recovery period (Figure 3b). Diarrhea events were not ob-
served in mice treated with doxorubicin, which could be
due to the limited epithelial injury observed at the assayed
exposures and/or the limited number of cycles adminis-
tered to mice.

In summary, using mouse data, we extended our
model of epithelial dynamics to predict other processes af-
fected by the disruption of the epithelium and of clinical
relevance.

A model of the human small intestinal
epithelium enables the translation of
mouse 5-FU and doxorubicin induced
toxicity into human epithelial

toxicity and the prediction of clinical
diarrhea risk

Our next step was to investigate the quantitative trans-
lation of mouse epithelial toxicity into human toxicity
for 5-FU and doxorubicin with a focus in predicting the
incidence of clinical diarrhea reported for these drugs.
We built a human small intestine epithelium model,
which maintained the structural properties of the mouse
epithelial model described in Figure 1 but it was para-
metrized according to publicly available information on
cell composition and proliferation for the human ileum®*
(Table 1). We also generated simulations for 5-FU and
doxorubicin plasma concentration profiles for patients
treated with relevant clinical dosing regimens using the
Simcyp simulator.*®

We simulated the plasma concentration profile asso-
ciated with the fortnightly administration of 5-FU in a
46h i.v. infusion regime resulting in plasma area under
the curve (AUC) values of 18 and 28 mg.h/L (estimated as
the constant plasma concentration during infusion mul-
tiplied by 46h), which define an exposure range used in
the clinic.?** We also simulated the concentration profile

associated with the i.v. administration of 450mg of 5-FU
daily for 5days every 28days.>* We assumed that 5-FU
cellular metabolism kinetics in humans is similar to that
observed in mice and derived the concentration profile
of several 5-FU metabolites, including FUTP (Figure 4a).
This enabled the prediction of the perturbation of stem
and proliferative cells in the human crypt in response to
FUTP exposure (Figure 4a). The crypt proliferation dis-
turbance resulted in a deficit of cells in the villus and a
decrease in circulating citrulline with both recovering
baseline values in between treatments (Figure 4a). For
the i.v. administration of 450mg of 5-FU, we predicted
about a 35%-40% reduction of the villus length and a
decrease of the citrulline level to values of 2500 ng/mL.
Similarly, a 50% reduction in villus length has been asso-
ciated with decreased levels of plasma citrulline of about
3500+ 1500ng/mL in human stem cell transplant recipi-
ents after intensive myeloablative therapy.** Moreover, the
loss of barrier integrity led to the prediction of changes in
the probability of diarrhea events during treatment and
recovery (Figure 4a). The maximum value of this proba-
bility reflected the predicted incidence of diarrhea for that
treatment, as defined in our mouse model of the intestinal
epithelium. Our predicted clinical diarrhea incidence for
the simulated infusion regimes with AUC values of 18 and
28 mg.h/L was of 4% and 25% (Figure 4a), respectively,
which was in good agreement with the reported incidence
for this treatment.> In particular, in a published clinical
study with 155 patients treated with 46-h continuous in-
fusion of 5-FU every 2weeks, the reported clinical diar-
rhea incidence was 22% after the first cycle and reduced to
about 12% in subsequent cycles after dose adjustments to
achieve 18-28 mg.h/L AUC exposure.** For the 5-FU i.v.
bolus administration regime, the predicted diarrhea risk
was remarkably higher and reached about 70%, which is
close to the reported 58.2% incidence in clinical studies.*

Likewise, we simulated the plasma concentration
profile of doxorubicin in patients treated with 75mg/m?,
which is representative of high dose schedules,*® and the
dynamics of the epithelial processes responding to this
profile (Figure 4b). The predicted disturbance of the ep-
ithelium was minor and milder than that predicted for
5-FU treatment. Accordingly, the predicted incidence of
diarrhea was also lower with values of 10%-15% (Fig-
ure 4b). These results are inconsistent with the incidence
of clinical diarrhea reported in a study comprising 256 pa-
tients with advanced soft tissue sarcomas,’’ wherein about
13% of patients reported diarrhea events of low severity.
However, higher incidences of 20% and 30%,>° have been
reported in other studies. Other regimes, such as i.v. infu-
sion,’ or delivery formulations, such as liposomal doxo-
rubicin,*! result in reduced exposure of doxorubicin and
diminished clinical diarrhea incidence.*****
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FIGURE 3 Observed and predicted z-scores of p53-pathway genes. (a) Plasma citrulline (b) and probability of 5-fluorouracil (5-FU)-
induced diarrhea (b) in control and 5-FU treated mice as described in Figure 2a). (c) Observed and predicted plasma citrulline in control and
doxorubicin treated as described in Figure 2c. Lines are predictions and symbols are observations. Sampling times have been shifted (+3h)

to improve data visibility.

In conclusion, our model for the human epithelium based
on preclinical toxicity measured in mice predicts the clinical
diarrhea associated with 5-FU and doxorubicin, demonstrat-
ing the possibility of applying mechanistic mathematical mod-
els for translation of in vivo toxicity into clinical adverse effects.

Gefitinib exhibits no detectable epithelial
toxicity in mice at clinically relevant doses

Next, we were interested in testing our modeling approach
with molecular-targeted agents such as epidermal growth

factor receptor (EGFR)-targeted therapies, commonly as-
sociated with clinical diarrhea.

Following our modeling strategy, guided by the Simcyp
simulator®® (Table 3) and tolerability studies for dose se-
lection, we first generated data in mice dosed with 8 mg/
kg of gefitinib by oral gavage, which achieved clinically
relevant exposures,** as well as with 250 mg/kg of ge-
fitinib, which resulted in considerably higher exposures,
daily for 10days.

The blood and tissue sampled during this treatment
showed no toxicity in Olfm4+ cells or in the crypt com-
partment and no changes in plasma citrulline levels,
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treated with 46 h 5-FU infusion regimes resulting in 18, or 28 AUC mg.h/L every 2weeks and with 450mg 5-FU i.v. daily for 5days every
28 days (a) as well as patients dosed with 75 mg/m? doxorubicin i.v. bolus every 3weeks (b). Proliferative crypt cells include stem cells and
proliferative progenitors in the crypt. Crypt and villus cells refer to total cells including arrested and apoptotic cells in crypt and villus,

respectively. 5-FU, 5-fluorouracil; Ctrl, control.

which reflects the integrity of the epithelium, at any dose
or timepoint (Figure S4).

Although we demonstrated that the cytotoxic activ-
ity of doxorubicin and 5-FU in mice could be translated
into the human intestinal injury to predict clinical diar-
rhea incidence, the lack of gefitinib-induced intestinal
toxicity in mice suggests that, regardless of the modeling
approach, mice may not be a suitable preclinical experi-
mental platform for other compounds with specific mo-
lecular targets and, thus, prone to exhibit cross-species

differences in activity. The suitability of experimental
settings to quantify toxicity with accuracy is an import-
ant consideration of general application to the develop-
ment of translational quantitative systems models.

DISCUSSION

The aim of this work was to develop translational mod-
eling approaches that enable the prediction of clinical
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diarrhea risk associated with potentially efficacious dos-
ing regimens at early stages of the drug development pipe-
line. To do this, we developed a compartmental model of
the small intestinal epithelium and demonstrated trans-
lation of the mouse intestinal toxicity into human intes-
tinal injury and clinical diarrhea incidence for 5-FU and
doxorubicin.

Epithelial injury in response to 5-FU challenge has
been shown to be induced by changes in RNA metabo-
lism and mediated by the p53 pathway.***® Accordingly,
we observed a consistent transcriptional response of
several genes belonging to the p53 pathway, upon 5-FU
challenge, in samples from mouse jejunum and colon as
well as in human and mouse organoids derived from both
small intestine and colon (Figure S3), which supports the
cross-setting translation of 5-FU intestinal toxicity based
on common molecular responses across GI preclinical ex-
perimental settings.

One of the challenges we found to integrate multiple
sources of data was knowledge/data gaps connecting epi-
thelial damage with clinical end points, such as diarrhea.
Our epithelial model of organ physiology captures the
basis of the organ disruption at the cell and tissue level.
However, changes in clinical end points and symptoms
caused by the organ disruption are not completely under-
stood or straightforward to predict. To overcome knowl-
edge/data gaps, we proposed a modeling solution that
relates the number of cells in the villus with the proba-
bility of diarrhea and provides diarrhea risk predictions
over time during drug-induced injury and recovery. Alter-
natively, the fraction of damaged epithelial cells has been
used to compare dosing schedules and to derive a thresh-
old indicator of diarrhea.'®

When attempting to apply this approach to predict
clinical diarrhea associated with gefitinib treatment,
we found that the mouse was not a suitable experi-
mental platform to quantify the effects of this com-
pound on human epithelial dynamics. Mice treated
daily for 10 days with the high dose of gefitinib, 250 mg/
kg, reached concentrations of unbound compound in
plasma of about 1453ng/mL, considering 0.051 as the
fraction of unbound compound to mouse plasma pro-
teins,*’ but did not exhibit signs of epithelial damage or
GI adverse effects. For reference, the reported incidence
of clinical diarrhea in gefitinib clinical trials is about
27%-58% and 51%-75% in patients treated daily with
250 and 500 mg, respectively,*® however, the maximum
concentration of unbound plasma compound in those
patients*** is at least 50-100-fold lower than that seen
in our mice experiments.

Whereas 5-FU and doxorubicin exhibit a broad spec-
trum of cytotoxic activities,”>*° gefitinib is a TKI that im-
pedes the phosphorylation of the intracellular component

ASCPT

of the EGFR blocking downstream signaling pathways as-
sociated with cell proliferation and survival.”® Cross-species
differences in toxicity could derive from dose-response
differences associated with molecular discrepancies in the
receptor or in any other molecule involved in this chain of
events. In this regard, EGFR mutations often impact on
treatment response and resistance.*® However, in a study
using in vitro mouse organoids, relatively high concen-
tration of about 2200 mg/mL of gefitinib halted epithelial
cell proliferation and resulted in reduced size organoids,”
whereas lower concentrations were not assayed. Thus,
further work is needed to assess potential differences in
dose response between mouse and human epithelium.
On a different note, the toxicological mechanism of TKIs
induced diarrhea is poorly understood. For instance, dys-
regulation of ion transport and water absorption systems
and alteration of intestinal motility>>* have been proposed
as TKI-associated toxicity mechanisms leading to diarrhea
and could be the main source of cross-species variability.
These mechanisms are not currently implemented in our
model and further work would be needed to model this
type of diarrhea.

Altogether, we have built a translational modeling
framework of the small intestine epithelium, focused on
cell dynamics, that integrates heterogeneous epithelial-
related processes, and have demonstrated its application to
translate in vivo intestinal toxicity into clinical outcomes.
However, our work has also highlighted the importance
of selecting experimental preclinical settings that are
adequate to quantify drug-induced clinical toxicity with
precision. The impact of cross-species differences on tox-
icity responses may be circumvented by the adoption of
human-derived intestinal organoids and microphysiolog-
ical systems, which are being integrated into drug safety
assessment strategies at a fast pace. Likewise, highly
mechanistic models, such as the recently developed agent-
based model of the intestinal crypt,”® comprising species
specific differences in physiology could provide accurate
clinical predictions at early stages of the drug develop-
ment pipeline.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.
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